ABSTRACT: Atomistic simulations have been performed to investigate the microscopic structural organization of aqueous solutions of trihexyltetradecylphosphonium bis(oxalato)borate ([P 6,6,6,14 ][BOB]) ionic liquid (IL). The evolution of the microscopic liquid structure and the local ionic organization of IL/water mixtures as a function of the water concentration is visualized and systematically analyzed via radial and spatial distribution functions, coordination numbers, hydrogen bond network, and water clustering analysis. The microscopic liquid structure in neat IL is characterized by a connected apolar network composed of the alkyl chains of [P 6,6,6,14 ] cations and isolated polar domains consisting of the central segments of [P 6,6,6,14 ] cations and [BOB] anions, and the corresponding local ionic environment is described by direct contact ion pairs. In IL/water mixtures with lower water mole fractions, the added water molecules are dispersed and embedded in cavities between neighboring ionic species and the local ionic structure is characterized by solvent-shared ion pairs through cation−water−anion triple complexes. With a gradual increase in the water concentration in IL/water mixtures, the added water molecules tend to aggregate and form small clusters, intermediate chain-like structures, large aggregates, and eventually a water network in water concentrated simulation systems. A further progressive dilution of IL/water mixtures leads to the formation of self-organized micelle-like aggregates characterized by a hydrophobic core and hydrophilic shell consisting of the central polar segments in [P 6,6,6,14 ] cations and [BOB] anions in a highly branched water network. The striking structural evolution of the [P 6,6,6,14 ][BOB] IL/water mixtures is rationalized by the competition between favorable hydrogen bonded interactions and strong electrostatic interactions between the polar segments in ionic species and the dispersion interactions between the hydrophobic alkyl chains in [P 6,6,6,14 ] cations.
■ INTRODUCTION
Ionic liquids (ILs) are special categories of molten salts with melting points below 100°C, which are usually composed of inorganic or organic anions and, most commonly, organic cations with typical bulky and asymmetric structures.
1,2 A variety of ILs are liquids at room temperature, partially due to asymmetric ionic structures between conformationally flexible organic cations and anions, increasing the entropy and thus preventing crystallization. 3 ILs have attracted significant and widespread attention in academic and industrial communities over the last two decades due to their unique properties, such as negligible volatility, exceptional thermal and electrochemical stabilities, wide electrochemical window, and excellent solvation capacity for both polar and apolar compounds. 4, 5 These desirable properties have resulted in their extensive investigations as functional materials in many potentially promising applications in diverse scientific and technological research areas, including materials synthesis and catalysis, 6−8 lubrication and micronanotribology, 9−14 gas separation (as solvents and membrane transport media), 15, 16 cellulose processing, 17−19 and active pharmaceutical ingredients. 20 Besides the extensively studied nitrogen-based ILs, such as imidazolium-, piperidinium-, pyrrolidinium-, pyridinium-, cholinium-, and guanidinium-based ILs, 19, 21, 22 new IL families including sulfonium 23−25 and phosphonium cations 26 have attracted increasing interest in recent years. Phosphoniumbased ILs, many of which are composed of volume-occupying alkyl chains, 27−29 present additional advantages compared with nitrogen-based ILs in large-scale industrial operations. The ILs consisting of tetraalkylphosphonium cations and chelated orthoborate anions exhibit outstanding tribological properties in steel−aluminum contacts, and are attractive as alternative high-performance lubricants compared with fully formulated engine oils. 11, 30 Therefore, the number of fundamental studies and industrial applications of phosphonium-and boron-based ILs is growing rapidly (for recent reviews, see refs 4, 9, 12, and 30−34 and references therein).
One of the most important issues in IL-related research and applications is the potential presence of impurities in IL samples. 35, 36 As an omnipresent compound, water is one of the most common contaminators found in ILs, on one hand due to the intrinsic hygroscopic nature of some ILs 11, 37 and on the other hand because many chemical processes (synthesis, extraction, etc.) involve water. 15, 17, 18 It has been well documented that even a small amount of water can drastically alter physicochemical properties of ILs, which may lead to significant modifications in, for example, the rate and selectivity of chemical reactions taking place in their midst. 38, 39 As described in our previous work, the water content in freshly synthesized [P 6,6,6,14 ] [BOB] IL samples is 2.3−2.5 wt %, 11 and the corresponding water mole fraction is quite close to 0.50 (as shown in Table 1 ). This amount of water is difficult to remove even after several iterative purifications including vacuum drying for a few hours at 85−90°C. The intrusion of water molecules may disturb the microscopic ionic structure, leading to the significant changes in liquid densities, and may also contribute to the non-negligible discrepancy of ionic group diffusion between experimental measurements and simulation results. 11, 40 Therefore, it is important to gain a molecular level understanding of [P 6,6,6,14 ] [BOB] IL/water mixtures, not only because water is inevitably present in many practical applications but also because it provides a new opportunity to fine-tune the physicochemical properties of [P 6, 6, 6, 14 ] [BOB] IL by adding small molecules, like water.
In this work, extended atomistic molecular dynamics simulations are performed to obtain a deeper insight into the microscopic liquid structure of [P 6,6,6,14 ] [BOB] IL/water mixtures as a function of the water concentration. The evolution of the microscopic liquid structure and the local ionic organization of IL/water mixtures, characterized by radial and spatial distribution functions, coordination numbers, hydrogen bond network, as well as water clustering analysis, is investigated and discussed in detail. Four structural regimes are identified within the full water concentration range, in which the microscopic ionic environment is distinct and characterized by a structural heterogeneity. Such an ionic structural heterogeneity of [P 6,6,6,14 ] [BOB] IL/water mixtures contributes directly to the striking thermodynamic quantities and particular transport properties, which will be systematically discussed in the following parts of this work.
■ MODELS AND SIMULATION METHODOLOGY
Atomistic Force Field. Schematic molecular structures and representative atom types in the [P 6, 6, 6, 14 ] cation, the [BOB] anion, and the SPC/E water molecule are presented in Figure  1 . The interaction parameters of atomistic [P 6, 6, 6, 14 ] cation and [BOB] anion models stem from a systematically developed force field in our previous work, 40 in which both inter-and intramolecular interaction parameters were first refined to achieve a quantitative description of the intermolecular ionic structure obtained from quantum chemistry ab initio calculations, and thereafter tuned to fit vibration frequency data obtained from experimental measurements, 11 respectively. The flexible SPC/E water model is employed in the present work, which can provide a good description of the structural and dynamic properties of bulk liquid water. 41 The cross interaction parameters between unlike atoms are obtained by the Lorentz− Berthelot combining rule.
Simulation Methodology. Atomistic simulations of the [P 6, 6, 6, 14 ] [BOB] IL/water mixtures with varied water mole fractions ranging from 0.0 (neat IL) to 0.95 were performed in the present work. The numbers of [P 6,6,6,14 ] [BOB] ion pairs and water molecules in each simulation system depend on the IL/water mixtures and the computational feasibility. The detailed chemical compositions of all studied IL/water mixtures are listed in Table 1 .
Atomistic molecular dynamics simulations were performed using the M.Dynamix package 42 with standard three-dimensional periodic boundary conditions. The equations of motion were integrated using the Tuckerman−Berne double time step algorithm 43 with short and long time steps of 0.2 and 2.0 fs, respectively. The short time step was used for integrating fast intramolecular vibrations and nonbonded interactions within 0.5 nm, while the long time step was used for integrating van der Waals and electrostatic interactions, as well as dihedral angle motions, within a cutoff distance of 1.5 nm. The electrostatic interactions between atom-centered point charges were treated with the standard Ewald summation method. All simulation systems were equilibrated for 8 ns in the isothermal−isobaric ensemble maintained using the Nose− Hoover thermostat at 333 K and barostat under 1 atm with time coupling constants of 1000 and 30 fs, respectively. Another 12 ns, canonical ensemble simulations were further Figure 2 , in which [P 6, 6, 6, 14 ] cations, [BOB] anions, and water molecules are represented by green, red, and blue beads, respectively. In the neat IL simulation system (panel a), the microscopic liquid structure is characterized by a connected apolar network consisting of the alkyl chains of [P 6,6,6,14 ] cations and isolated polar domains composed of the central segments of [P 6,6,6,14 ] cations and [BOB] anions that are closely packed together by means of strong electrostatic interactions. Such a heterogeneous liquid structure is distinct from those formed in imidazolium-based ILs with short alkyl substituents, which is described by isolated apolar domains scattered in a connected polar network, or interpenetrating apolar and polar networks.
44−48
With a gradual increase in the water concentration in IL/ water mixtures, the relative distribution of water molecules undergoes a particular transition from dispersed water monomers (panel b) to water dimers/trimers (panels c and d), small clusters and chain-like structures (panels e and f) in isolated polar domains, large aggregates (panels g and h), and eventually a water network in a water concentrated simulation system. Guided by these visual snapshots, a more systematic analysis of the microscopic liquid structure is performed to obtain a quantitative description of these IL/water mixtures as a function of the water concentration, and discussed in detail in the following subsections. Additionally, an extremely diluted [P 6, 6, 6, 14 ] [BOB] IL/water mixture with a water mole fraction of x water = 0.99 was further studied in the present work. 49 A loose micelle-like aggregate characterized by a hydrophobic core composed of alkyl chains in [P 6, 6, 6, 14 ] cations and a hydrophilic shell consisting of the central polar segments in [P 6, 6, 6, 14 ] cations and [BOB] anions is formed and isolated in a highly branched water network in all frameworks of recorded The Journal of Physical Chemistry B Article simulation trajectories. This observation is a general feature of amphiphilic surfactant-like cations dissolved in water, such as the formation of micelles of imidazolium-based cations in diluted aqueous solutions, which has been extensively studied in previous work.
50, 51 The structural analysis of this diluted [P 6, 6, 6, 14 ] [BOB] IL/water mixture is not discussed in detail, but some simulation results are presented in the following subsections to show the general tendency of the evolution of microscopic ionic structure in the full water concentration range.
Microscopic Ionic Structure. The radial distribution function (RDF) quantifies the spatial correlation between a specific atom and other similar or dissimilar atoms in its surroundings, which is useful for the concretization of the microscopic ionic structure in IL/water mixtures. Figure 3 presents the site−site RDFs of cation−cation, cation−anion, anion−anion, cation−water, anion−water, and water−water pairs. The central P and B atoms in [P 6, 6, 6, 14 ] cations and [BOB] anions, respectively, and the OW atoms in water molecules, as labeled in Figure 1 , are taken as reference sites to calculate the corresponding site−site RDFs. In the meantime, the local liquid environment is qualitatively represented by examining the coordination number, which is the mean value of the number of a specific atom or molecule within a prescribed cutoff distance r from a given reference atom or molecule. The coordination number is obtained by numerically integrating the corresponding RDF from zero to the first minimum, which represents the first solvation shell. The calculated coordination numbers from cation−anion, cation−water, anion−water, and water−water paired RDFs are shown in Figure 4 .
In all studied IL/water mixtures with different water mole fractions, the cation−cation RDFs present very broad maxima centered at around 1.0 nm characterized by similar peak intensities, and the corresponding peak positions show little shift, indicating that the packing cationic structure, either in the neat IL simulation system or in the IL/water mixtures, is mainly determined by short-ranged interactions. However, significant changes are observed in the anion−anion paired RDFs, which are strongly dependent on the amount of water in the IL/water The enhanced correlations between [BOB] anions are also depicted in the cation−anion RDFs. It is clearly shown that the spatial correlations between [P 6, 6, 6, 14 ] cations and [BOB] anions in all studied IL/water mixtures are characterized by conspicuous and bifurcated main peaks in the first solvation shell of the corresponding RDFs, which contribute to the most probable distribution of B atoms of [BOB] anions around P atoms of [P 6,6,6,14 ] cations and vice versa. When water molecules are added to the studied IL/water mixtures, a turnover is observed in the intensities of the bifurcated peaks, where the former one becomes stronger and the latter one becomes weaker, respectively. Such a striking observation indicates that the considerably enhanced spatial correlations between [P 6,6,6,14 ] cations and [BOB] anions gradually move to shorter distances as the water concentration increases, which is rationalized by a slightly rearranged distribution and orientation of ionic species in polar domains.
The integration of the first solvation shell of the cation− anion RDFs reveals a slight decrease in the number of ionic groups in the nearest neighbor shell of a central counterion as the water concentration increases, as shown in Figure 4 . The number of contact cation−anion pairs remains different from zero even in intermediate and water concentrated mixtures, something which is almost certainly due to the closely associated microscopic ionic structure predominantly driven by the strong electrostatic interactions between ionic species.
Microstructure between Ionic Species and Water. As the central polar segments of [P 6,6,6,14 ] cations always stay in a close proximity to neighboring [BOB] anions in the neat IL simulation system and the IL/water mixtures, it is reasonable to justify at least the existence of contact [P 6, 6, 6, 14 ] [BOB] ion pairs. Then, a pertinent question to ask is why and how water molecules associate with these two ionic species in IL/water mixtures.
52−54 Panels d and e of Figure 3 present the RDFs of water molecules relative to [P 6,6,6,14 ] cations and [BOB] anions in all studied IL/water mixtures, respectively. The main feature of the cation−water and the anion−water RDFs is that the first peaks are sharper and higher in IL/water mixtures with less water. However, the spatial correlations between the respective ionic species and water molecules exhibit significant variations over the full water concentration range.
In the cation−water RDFs, the first peak intensities undergo progressive reduction, and the corresponding peak positions gradually shift to larger distances as the water concentration increases. However, the influence of the water concentration on the spatial correlations between [BOB] anions and water molecules is only recorded in the peak intensities of the anion− water RDFs, as presented in panel e of Figure 3 . The main peak positions of the anion−water RDFs are essentially unchanged in all studied IL/water mixtures, indicating that the radius of the first solvation shell is substantially independent of the number of water molecules in IL/water mixtures, and the interactions between [BOB] anions and water molecules are limited to specific atoms.
The reduction of the first peak intensities in the cation− water and anion−water RDFs indicates a decreased tendency of water molecules to coordinate with [P 6, 6, 6, 14 ] cations and [BOB] anions with the increase in water mole fractions in IL/ water mixtures, as manifested in the corresponding coordination numbers shown in Figure 4 . Such a tendency may be attributed to the saturated distribution of water molecules between contact neighboring [P 6, 6, 6, 14 ] [BOB] ion pairs. As more water molecules are introduced in IL/water mixtures, the additional water molecules tend to aggregate and form distinct water morphologies, such as small clusters, chain-like structures, and large aggregates, as clearly visible in Figure 2 . Comparing with the cation−anion RDFs, it is observed that the most probable distribution of water molecules is located in the middle of the bifurcated main peaks, indicating that water molecules are optimally incorporated in cavities between neighboring ionic species and are much closer to the central P atoms of [P 6, 6, 6, 14 ] cations than to the B atoms of [BOB] anions. Concerning the cation−anion, cation−water, and anion−water RDFs, we can specify that the microscopic liquid structure and the relative distribution of water molecules in the local ionic organization are determined by cation−water−anion triple or multiple complexes in IL/water mixtures.
In addition to the spherically averaged RDF and the coordination number, the microscopic liquid structure in IL/ water mixtures is further illustrated by the spatial distribution function (SDF), giving the probability of finding an atom around a specific molecule in three-dimensional space. 40, 50, 55, 56 In the present work, all SDFs are well visualized by the gOpenMol package. Figure 3 illustrates that the water−water RDFs exhibit similar weakened spatial correlations in IL/water mixtures with increased water concentration. A quantitative change observed in the water− water RDFs is that the region beyond the first peak gradually fills up as the water concentration increases, suggesting the aggregation of additional water molecules and the formation of small clusters or chain-like aggregates. In IL/water mixtures with water mole fractions of 0.20 < x water < 0.50, the growth of a secondary peak at approximately 0.51 nm in the water−water RDFs contributes to the establishment of a secondary solvation shell of water molecules around a central one, indicating a forming of water clusters in this region as the water concentration increases. 59 To further quantify the extent of microscopic water structure changes as the water concentration increases, the probability distribution of the water cluster sizes is analyzed by monitoring the connectivity of water molecules. Two water molecules are considered to be mutually "connected" according to simplified geometric criterion; 60 i.e., the OW−OW distance is less than 0.35 nm, which corresponds to the first minimum in the water−water RDFs. If there is no connectivity of a water molecule with any other water molecules, it is a water monomer, or "isolated" water molecule. If two water molecules are connected without any connectivity with other water molecules, a water dimer is formed. Small water clusters, such as trimers, tetramers, etc., can also be discriminated using a similar analysis. Meanwhile, a water network is formed when a water cluster is large enough to percolate from one simulation cell to its image. In the present work, the probability distribution of water cluster sizes in IL/water mixtures with water mole fractions of x water ≤ 0.80 is obtained by forming the ensemble average, and presented in Figure 6 .
In IL/water mixtures with a low water concentration, such as x water = 0.10 corresponding to 11 water molecules per 96 [P 6, 6, 6, 14 ] [BOB] ion pairs, all water molecules tend to be strongly isolated as dispersed water monomers. These dispersed water monomers coordinate simultaneously with neighboring [P 6, 6, 6, 14 ] cations and [BOB] anions through cation−water−anion triple complexes.
As the water concentration increases in the IL/water mixtures, such as 0.20 < x water < 0.50, the number of close water contacts grows at a slower rate than the number of water The Journal of Physical Chemistry B Article molecules, which is consistent with the diminished first peak intensities in the water−water RDFs. Small water clusters, such as water dimers and trimers, are present, but no large water aggregates are formed in these IL/water mixtures. It can be shown that even more than 50% of the added water molecules are completely dispersed in the IL/water mixture with a water mole fraction of x water = 0.50.
For the IL/water mixtures with intermediate water mole fractions of 0.67 < x water < 0.80, there is a significant jump in the probability distribution of water cluster sizes. Large water aggregates appear to dominate the size distribution due to the fact that there is not a sufficient void space between neighboring ionic species to accommodate more water molecules. Besides the formation of compact water clusters, a striking observation is the emergence of the chain-like water structures in IL/water mixtures, which connect more ionic species between the isolated polar domains, but the apolar network is not explicitly altered.
Further progressive dilution of IL/water mixtures leads to the buildup of a water network, in which all water molecules dynamically percolate throughout the entire simulation cell. In the meantime, the corresponding simulation systems undergo a transformation from IL-rich mixtures to those characterized by interpenetrating polar and apolar networks and eventually to aqueous solutions of IL in which micelle-like aggregates are formed and scattered in a highly branched water network. Therefore, the analysis of the probability distribution of water cluster sizes is not shown for the IL/water mixtures with water mole fractions of 0.80 < x water < 1.0.
The evolution of the water cluster size distribution in IL/ water mixtures is further reinforced by the analysis of the mean value of the coordination number of water molecules, as shown in Figure 4 . There are approximately 3.8 water molecules around a central water molecule in the IL/water mixture with a water mole fraction of x water = 0.99, consistent with that reported for/on bulk liquid water. 61 Hydrogen Bond Network. It is well-known that in the neat ILs the electrostatic interactions between ionic species are the dominating interactions, which directly contribute to the close packing of ions in ionic structures. Furthermore, the thermodynamic, transport, and other properties of ILs are also strongly dependent on the electrostatic interactions between ionic species. In IL/water mixtures, not only the atom-centered electrostatic interactions but also the hydrogen bonded interactions play an important role in determining IL-related properties.
50,51,53,54 Herein, we explore the formation of hydrogen bonds between ionic species and water molecules in the IL/water mixtures with varied water mole fractions.
The formation of hydrogen bonds is defined by a simple geometric criterion; i.e., the radial distance between the labeled hydrogen atom and the acceptor atom is equal to or less than 0.25 nm, and the angle of donor−hydrogen···acceptor is larger than 150°. 60 In IL/water mixtures, the possible hydrogen atoms are the HP atoms in CH 2 groups connected to the central P atoms in [P 6, 6, 6, 14 ] cations and the HW atoms in water molecules, and the available acceptor atoms include all oxygen atoms in [BOB] anions (the O and O2 atoms), and the OW atoms in water molecules, respectively, as labeled in Figure 1 . The radial distances between respective hydrogen atoms and acceptor oxygen atoms are analyzed by computing the corresponding RDFs which are shown in Figure 7 . Figure 7 present the RDFs between HP atoms and three types of oxygen atoms in IL/water mixtures with varied water concentrations, respectively. The first maxima are located at 0.24, 0.25, and 0.24 nm in the HP-O, HP-O2, and HP-OW paired RDFs, respectively, indicating that HP atoms are primarily hydrogen bonded to all three types of oxygen atoms in the studied IL/water mixtures. However, a distinct change is observed in the first peak intensities of these three RDFs. Both the HP-O and the HP-OW RDFs exhibit decreased first peak intensities as a function of the water concentration, whereas an opposite tendency is observed in the HP-O2 RDFs, in which the first peak heights become considerably more intense as the water concentration increases. In IL/water mixtures with less water, such as x water < 0.50, the comparable first peak intensities in the HP-O and HP-OW RDFs suggest a similar coordination of O and OW atoms to HP atoms, and the coordination ability of the three types of oxygen atoms follows the order of O ≈ OW > O2. For IL/water mixtures with intermediate water mole fractions of 0.67 < x water < 0.80, a strong decrease in the first peak intensities of the HP-OW RDFs reflects a reduction in the hydrogen bonded interactions between OW and HP atoms, leading to the coordination behavior of three types of oxygen atoms described by O > OW > O2. An increase in the water concentration in IL/water mixtures leads to a further decrease in the first peak heights in the HP-OW RDFs. The coordination tendency of the three types of oxygen atoms is characterized by O > O2 > OW in water concentrated mixtures.
The dependence of the radial distances between HW atoms and the three types of oxygen atoms in IL/water mixtures on the water mole fractions are presented in panels d−f of Figure  7 , respectively. Comparing with the HW-O RDFs, the pronounced peak intensities in the HW-OW RDFs indicate that OW atoms are stronger hydrogen bond acceptors than O atoms in the [BOB] anions to neighboring water molecules over the whole water concentration range. However, in the HW-O2 RDFs, all triple peak positions, which correspond to the most probable distribution of HW atoms around O2 atoms in the [BOB] anion, are beyond 0.25 nm, indicating that HW and O2 atoms are not hydrogen bonded to each other in any of these studied IL/water mixtures.
Due to the relative central position of HP atoms and the large volume of [P 6, 6, 6, 14 ] cations, it is difficult to visualize the three-dimensional probability distributions of three types of oxygen atoms around HP atoms. Conversely, we plot the SDF of HP atoms around a [BOB] anion in the IL/water mixture with a water mole fraction of x water = 0.50 and present it in panel a of Figure 8 , in which the spatial distribution of P atoms is also presented as a reference. It is clearly shown that the most probable distribution of HP atoms occupies the equatorial positions of the two five-membered rings in the depicted Three-dimensional organizations of the P and HP atoms, as well as the OW and HW atoms, around a selected water molecule are presented in Figure 9 . Not surprisingly, HP atoms are preferentially oriented toward the lone electron pairs in the water molecule. The spatial probability distribution of HP atoms around a water molecule is broad and symmetric, and consistent with that of HW atoms, but is strongly dependent on the water concentration in IL/water mixtures. It is clearly shown that the local water environment progressively loses neighboring [P 6, 6, 6, 14 ] cations as the water concentration gradually increases. In the IL/water mixture with a water mole fraction of x water = 0.95, the spatial probability distribution of HP atoms is quite isotropic around the water molecule, and it is consequently different from the specific SDFs of OW and HW atoms around the water molecule. This is expected and reasonable as a branched water network is formed in this mixture, and therefore, the local water structure resembles that of bulk liquid water. The formation of hydrogen bonds between neighboring water molecules is exclusively localized along the OW-HW vectors and the lone electron pairs in the central water molecule, which is consistent with that described in bulk liquid water reported in the previous work. 61 The mean values of the numbers of hydrogen bonds formed between ionic species and water molecules in the full water concentration range are presented in Figure 10 . In all studied IL/water mixtures, the mean value of the number of hydrogen bonds formed between [P 6,6,6,14 ] cations and [BOB] anions monotonically and slowly decreases as a function of the water concentration. In IL-rich mixtures, i.e. with a water mole fraction of x water ≤ 0.80, the linear decrease in the mean value of the number of hydrogen bonds indicates that the orientation and distribution of two ionic species are slightly rearranged so as to accommodate more water molecules in their vicinities. The formation of cation−anion hydrogen bonds is still frequent in extremely diluted IL/water mixtures due to the formation of micelle-like aggregates in a highly branched water network, in which the central polar segments in [P 6, 6, 6, 14 ] cations and [BOB] anions are strongly coupled together and form a polar shell, which facilitates their hydrogen bonded interactions.
The numbers of hydrogen bonds formed in the cation− water, anion−water, and water−water pairs increase monotonically and almost linearly as a function of the water concentration. In IL/water mixtures with less water, almost all water molecules are dispersed, acting like ideal gas molecules in IL matrix. Thus, the possibility of two water molecules being Figure 9 . Three-dimensional probability distributions of the P (blue meshed surface) and HP (olive solid surface) atoms in [P 6, 6, 6, 14 ] cations and the OW (red solid surface) and HW (white meshed surface) atoms in water molecules around a selected water molecule in IL/water mixtures with varied water mole fractions. All bounded contour surfaces are drawn at (a P , a HP , a OW , a HW ) times of the average density of the corresponding atoms, respectively. 
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Article close enough to form a hydrogen bond is approximately proportional to water mole fractions in IL/water mixtures, as well as the formation of hydrogen bonds in the cation−water and anion−water pairs. This linear behavior is clearly discerned in Figure 10 , and in fact, it extends reasonably well up to IL/ water mixtures with intermediate water mole fractions, i.e. x water = 0.80. Further progressive dilution of IL/water mixtures leads to a distinct increase in the number of hydrogen bonds between water molecules, which may contribute to a microscopic liquid structural transition from isolated polar domains scattered in an apolar network to bicontinuous apolar and polar networks, and eventually to a highly branched water network. In extremely diluted IL/water mixtures, i.e. with a water mole fraction of x water = 0.99, there are approximately 3.5 hydrogen bonds per water molecule formed with neighboring water molecules, which is consistent with that previously reported for a bulk liquid water. 61 Combining the mean values of the numbers of hydrogen bonds in the cation−anion, cation−water, anion−water, and water−water pairs shown in Figure 10 and the RDFs between hydrogen atoms and three types of oxygen atoms presented in Figure 7 , it is clear that water molecules are less selective in choosing their interaction partners, either in IL-rich or in water concentrated mixtures, probably because of their small molecular size and their dual nature in hydrogen bonded interactions. 53 Water molecules act as hydrogen bond donors toward neighboring [BOB] anions and other water molecules and as hydrogen bond acceptors to the HP atoms in [P 6, 6, 6, 14 ] cations and to the HW atoms in other water molecules, whereas [P 6,6,6,14 ] cations and [BOB] anions are restricted to their single role of hydrogen bond donors and acceptors, respectively.
Mechanism of Organization. To better quantify the evolution of the microscopic liquid structure in all studied IL/ water mixtures, we have performed a further analysis of [P 6,6,6,14 ] cationic aggregates and the intrinsic interactions between [P 6,6,6,14 ] cations and water molecules in the whole water concentration range. The [P 6, 6, 6, 14 ] cation consists of two different parts: the hydrophilic core, including the P atom with directly connected four CH 2 methylene groups, and the hydrophobic shell consisting of four volume-occupying alkyl chains, and hence it presents amphiphilic surfactant-like behavior in aqueous solutions. The introduction of water molecules in [P 6, 6, 6, 14 ] [BOB] IL, on one hand, leads to the enhanced aggregation of these alkyl chains due to their hydrophobic nature, and on the other hand, water molecules tend to coordinate with HP atoms due to the favorable hydrogen bonded interactions, and preferentially associate with P atoms because of the strong electrostatic interactions. Figure 11 presents the RDFs of terminal carbon atoms of the hexyl and tetradecyl chains in [P 6, 6, 6, 14 ] cations. In IL/water mixtures with a low water concentration, the added water molecules have little effect on the spatial correlations of these terminal methyl groups due to the fact that most of the added water molecules are mainly embedded in cavities between neighboring ionic species, and are far away from the terminal carbon atoms in the four hydrophobic alkyl chains. That is, the favorable hydrogen bonded interactions and the strong electrostatic interactions between the central polar segments in [P 6, 6, 6, 14 ] cations and water molecules dominate the relative distribution of water molecules in these IL/water mixtures. The spatial correlations between terminal carbon atoms, either in the hexyl or in the tetradecyl chains, are considerably enhanced in IL/water mixtures with water mole fractions of x water > 0.80, in which large water clusters are explicitly formed, as clearly illustrated in representative snapshots in Figure 2 . It is the hydrophobic nature of terminal methyl groups, as well as other methylene groups consisting of [P 6,6,6,14 ] cations, that drive their aggregation in water concentrated mixtures.
The competitive interactions between [P 6,6,6,14 ] cations and water molecules are further verified by analyzing the intermolecular interaction energies between these two species. Figure 12 presents the short-range dispersion energies and the long-range electrostatic energies, as well as the total The Journal of Physical Chemistry B Article intermolecular interaction energies between [P 6, 6, 6, 14 ] cations and water molecules in the IL/water mixtures with varied water mole fractions. The short-ranged dispersion energies are comparable with the corresponding long-ranged electrostatic energies in IL/water mixtures with water mole fractions of x water ≤ 0.50 due to the dispersed water monomers in cavities between neighboring ionic species. With an increase in the water concentration, a decrease in dispersion energies and an increase in electrostatic energies between these two species indicate the enhanced hydrophobic tendencies of alkyl chains in [P 6, 6, 6, 14 ] cations and the aggregation of additional water molecules to expand isolated polar domains before the formation of an interpenetrating polar network. In IL/water mixtures with water mole fractions of x water > 0.95, both dispersion and electrostatic energies decrease, as well as the total intermolecular interaction energies, indicating the formation of bicontinuous networks and micelle-like aggregates scattered in a branched water network.
Concerning the evolution of the microscopic liquid structure and the transition of the local ionic organization, all studied IL/ water mixtures can be divided into four distinct structural regimes in the whole water concentration range.
• Neat IL and IL/water mixtures with water mole fractions of 0.0 < x water < 0.50. In the neat IL sample, [P 6,6,6,14 ] cations and [BOB] anions are closely coupled together via strong electrostatic interactions. The microscopic liquid structure is characterized by a connected apolar network consisting of the relatively large and volumeoccupying alkyl substituents in [P 6, 6, 6, 14 ] cations and the isolated polar domains consisting of the central segments in [P 6,6,6,14 ] cations and [BOB] anions. The local ionic organization is described by direct contact ion pairs. In IL/water mixtures with a low water content, most of the added water molecules are dispersed in cavities between neighboring ionic species; that is, each [P 6, 6, 6, 14 ] [BOB] ion pair shares one common water molecule, and the corresponding local ionic environment is characterized by solvent-shared ion pairs through cation−water−anion triple complexes. Furthermore, water dimers, trimers, and even small water clusters are formed in these IL/ water mixtures as the water concentration increases.
• IL/water mixtures with intermediate water mole fractions of 0.50 < x water < 0.80. Large water clusters appear to dominate the size distribution due to the fact that there is not a sufficient void space to accommodate an increasing number of water molecules. A distinct water aggregation state emerges, that is, the chain-like water structures characterized by anion···(H 2 O) n ···anion multiple complexes. With a gradual increase in the water concentration, these chain-like water structures grow and serve as bridges to connect more ionic species, as well as to mediate their relative distribution and orientation in IL/ water mixtures. Hence, the local ionic organization of these IL/water mixtures is characterized by solventmediated ion pairs through multiple complexes, leading to the enhanced spatial correlations between ionic species.
• IL/water mixtures with water mole fractions of 0.80 < x water < 0.95. In these water concentrated mixtures, the branched sort of connectivity allows water molecules to dynamically percolate through the entire simulation cell and form a three-dimensional water network, leading to the microscopic liquid structure described by interpenetrating polar and apolar networks. Even though there are many additional water molecules present in these mixtures, the local ionic environment is not disrupted; that is, the central polar segments of [P 6, 6, 6, 14 ] cations and [BOB] anions remain in close proximity to each other through sharing one or more water molecules. This is attributed to the strong electrostatic interactions and the favorable hydrogen bonded interactions between ionic species.
• IL/water mixtures with water mole fractions of x water > 0.95. Further progressive dilution of IL/water mixtures leads to the percolation limit of IL in water; i.e., upon further dilution, the connected apolar network consisting of the hydrophobic alkyl chains in [P 6, 6, 6, 14 ] cations (already stretched to its limit) starts to break up into loose micelle-like aggregates and loses its continuous nature. In extremely diluted mixtures, such as with a water mole fraction of x water = 0.99 (data not shown), a self-organized micelle-like structure characterized by a hydrophobic core and a hydrophilic shell is formed and isolated in a highly branched water network. The striking microscopic liquid structure and the distinct local ionic environment in IL/water mixtures are attributed to the competition between favorable hydrogen bonded interactions and strong electrostatic interactions between the central polar segments in ionic species, and the dispersion interactions between the hydrophobic alkyl chains in [P 6, 6, 6, 14 ] cations. Compared with the protic imidazolium-based ILs extensively studied in previous works, 37, 38, 50, 51, [53] [54] [55] 59 the tetraalkylphosphonium cations exhibit distinct features. They are much more hydrophobic, asymmetric, and bulky, making it more difficult for both water molecules and anionic groups to approach the positively charged center of the tetraalkylphosphonium cations. In contrast, the imidazolium-based cations have only one alkyl chain hindering the access of other molecules to the positively charged imidazolium rings. Concerning the particular microstructural analyses in the present work, the evolution of the microscopic liquid structure and the local ionic environment of studied [P 6,6,6,14 ] [BOB] IL/water mixtures with different water mole fractions is generally similar to that of aqueous solutions Figure 12 . Calculated short-range dispersion energies and long-range electrostatic energies, as well as the total intermolecular interaction energies between [P 6, 6, 6, 14 ] cations and water molecules in all studied IL/water mixtures as a function of water mole fractions.
The Journal of Physical Chemistry B Article of imidazolium-based ILs. 37, 38, 50, 51, [53] [54] [55] 59 More specifically, the evolution of the microscopic liquid structure and the local ionic environment, either for currently studied [P 6, 6, 6, 14 50 are characterized by contact ion pairs, solvent-mediated ion pairs, interpenetrating polar and apolar networks, and eventually loose micelle-like aggregates in a highly branched water network as water concentration increases. In addition to the distinct changes in local ionic environment between water molecules, polar anions, and polar segments in cations, there are also considerably enhanced spatial correlations between terminal carbon atoms in respective cations, which promote their prominent aggregation in water concentrated mixtures. From a structural perspective, this microstructural evolution might be a general feature of the [P 6, 6, 6, 14 ] [BOB] IL/water mixtures and the imidazolium-based IL/water mixtures, attributing to the amphiphilic surfactant-like behavior of tetraalkylphosphonium and imidazolium-based cations in aqueous solutions, and the competition between favorable interactions between polar segments in ionic species, and persistent hydrophobic interactions between alkyl chains in respective cations. Such an evolution of the microscopic liquid structure and a heterogeneous local ionic environment in the currently studied [P 6, 6, 6, 14 ] [BOB] IL/water mixtures contribute directly to striking thermodynamic and particular transport properties of these IL/water mixtures, which will be systematically discussed in our following work.
■ CONCLUSIONS
In the present work, atomistic molecular dynamics simulations were performed to study the evolution of the microscopic liquid structure and the local ionic organization of the [P 6, 6, 6, 14 ] [BOB] IL/water mixtures as a function of the water concentration. Detailed analyses of radial and spatial distribution functions, nearest neighbor statistics, hydrogen bond network, as well as water clustering analysis indicate that the local microscopic ionic environment is distinct and characterized by heterogeneous ionic structures.
Four distinct structural regimes are identified within the full water concentration range. With a gradual increase in the water concentration, the local ionic structure is characterized by direct contact ion pairs and solvent-shared ion pairs through cation− water−anion triple complexes (0.00 ≤ x water < 0.50), solventmediated ion pairs through multiple complexes (0.50 < x water < 0.80), interpenetrating polar and apolar networks (0.80 < x water < 0.95), and eventually loose micelle-like aggregates in a highly branched water network (x water > 0.95). The striking structural evolution in the [P 6, 6, 6, 14 ] [BOB] IL/water mixtures is attributed to the competition between favorable hydrogen bonded interactions and strong electrostatic interactions between the central polar segments in ionic species and the dispersion interactions between the hydrophobic alkyl chains in [P 6, 6, 6, 14 
